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The human T cell leukemia virus type I (HTLV-I) Tax protein activates transcription from the viral long terminal repeat and
select cellular promoters by interacting with cellular DNA-binding proteins. The HTLV-I promoter contains three copies of a
Tax-responsive element (TRE-1), each of which possesses a core cAMP response element (CRE). The cAMP response
element-binding protein, CREB, binds TRE-1 and mediates Tax association with, and transactivation of, the viral promoter.
These activities depend on DNA sequences that flank the core CRE. Although CREs are found in a variety of cellular
promoters, cellular CREs vary in sequence from TRE-1, especially in the flanking regions, and are generally not Tax
responsive. The molecular basis for differential Tax responsiveness of viral and cellular CREs has not been determined. Here
we demonstrate that the conformation of CREB is influenced by the nucleotide sequence of its DNA-binding element. CREB
showed altered sensitivity to V8, chymotrypsin, and trypsin proteases when bound to the HTLV-I TRE-1 element as compared
to the rat somatostatin CRE element. The phosphorylation state of CREB did not influence its protease sensitivity on either
element. Sequences flanking the core CRE-binding site in each element were found to specify protease sensitivity. Since the
TRE-1-flanking sequences also modulate Tax association with CREB, and Tax transactivation of CREB-dependent LTR
transcription, these results suggest that CREB conformation may determine the ability of Tax to bind CREB. © 2000 Academic
Press
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Human T cell leukemia virus type I (HTLV-I) is the
etiologic agent of at least two human diseases, adult T
cell leukemia (ATL) and tropical spastic paraparesis/
HTLV-I associated myelopathy (TSP/HAM) (Yoshida et al.,
1982; Gessain et al., 1985; Osame et al., 1987; Poiesz et
al., 1980). The HTLV-I promoter is located in the 59 long
erminal repeat (LTR) and is transactivated by the viral
ax protein. The viral LTR contains three copies of a
ax-responsive 21-bp repeat (TRE-1) (Brady et al., 1987;
ujisawa et al., 1986; Paskalis et al., 1986; Shimotohno et
l., 1986). Each TRE-1 contains a core octanucleotide
equence that functions as a cyclic AMP response ele-
ent (CRE). The cellular CRE-binding protein (CREB), a
ember of the bZIP transcription factor family, has been
hown to bind to the TRE-1 core sequence and modulate
iral promoter activity (Franklin et al., 1993; Kwok et al.,
996). Tax associates with bZIP transcription factors
uch as CREB to facilitate enhanced viral transcription
Franklin et al., 1993; Kwok et al., 1996; Paca-uccaralert-
un et al., 1994; Suzuki et al., 1993; Zhao and Giam, 1991;
iebler et al., 1997).
In addition to CREB, Tax has also been shown to
nteract with NF-kB and SRF transcription factors (Mu-
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328akami et al., 1995; Suzuki et al., 1993, 1994; Fujii et al.,
995). Because of its ability to interact with cellular tran-
cription factors, Tax activates expression of a select
roup of cellular genes that are thought to play important
oles in HTLV-I transformation (Ressler et al., 1996). Al-
hough it was predicted that cellular promoters contain-
ng CREs would be among those transactivated by Tax,
hey have generally been found to be non-Tax responsive
Brauweiler et al., 1995). This differential responsiveness
o Tax appears to result from its selective association
ith responsive elements. CREB can bind both to TRE-1
nd to a model cellular CRE from the rat somatostatin
romoter (cellular CRE). The association of Tax with the
asic region of CREB (Adya and Giam, 1995; Adya et al.,
994; Yin et al., 1995) is independent of PKA phosphor-
lation only when it is assembled on a TRE-1 element,
nd not when it is assembled on a cellular CRE (Kwok et
l., 1996).
The CRE core nucleotide sequence of TRE-1 differs
rom the perfectly palindromic rat somatostatin CRE oc-
anucleotide core by a single base pair, while sequences
lanking the CRE core of TRE-1 vary considerably from
hose flanking the cellular CRE. These TRE-1-flanking
equences specifically modulate Tax association with
REB (Paca-uccaralertkun et al., 1994; Brauweiler et al.,
995; Yin and Gaynor, 1996), and Tax transactivation of
he viral promoter (Paca-uccaralertkun et al., 1994; Brau-eiler et al., 1995; Seeler et al., 1993; Fujisawa et al.,
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329TRANSCRIPTIONAL CONTROL OF THE HTLV-I LTR1989; Montagne et al., 1990). In the presence of Tax,
more extensive DNA-protein contacts within the flanking
sequences are observed (Anderson and Dynan, 1994),
and direct contacts between Tax and flanking DNA se-
quences have recently been observed (Lundblad et al.,
1998; Lenzmeier et al., 1998; Kimzey and Dynan, 1998).
The molecular basis for DNA sequence specificity in-
volved in selective Tax association with CREB and Tax
transactivation is not well understood.
DNA-induced changes in protein conformation have
been described for several bZIP family members, includ-
ing GCN4, C/EBP, c-Jun, and c-Fos (Patel et al., 1990;
Weiss et al., 1990; Shuman et al., 1990; O’Neil et al., 1991).
The conformations of non-bZIP transcription factors, in-
cluding Ets-1, Oct-1, and PRTF, have also been shown to
be affected by the DNA sequence to which they bind
(Walker et al., 1994; Petersen et al., 1995; Tan and Rich-
mond, 1990). To determine the basis of differential Tax
responsiveness of various CREs we investigated the
possibility that CREB conformation may be influenced by
the DNA sequence to which it binds. Here we report that
the nucleotide sequence of a CRE can modulate the
conformation of CREB. This conformational change is
specified by nucleotides flanking the core CRE se-
quence. The ability of Tax to associate with CREB, en-
hance CREB binding, and activate transcription also de-
pends on DNA sequences that flank the core CRE. We
propose that the allosteric induction of CREB conforma-
tion by TRE-1 allows Tax binding and subsequent trans-
activation.
RESULTS
We have previously demonstrated that Tax can asso-
ciate with CREB when assembled on TRE-1, but not on
CRE (Kwok et al., 1996). This interaction correlates with
the ability of Tax to transactivate TRE-1, but not CRE
elements. To understand why Tax differentially associ-
ates with and transactivates TRE-1 and CRE elements,
the ability of these elements to allosterically affect the
conformation of CREB was examined.
Analysis of CREB conformation using V8 protease gel-
shift assays. The proteolytic clipping bandshift assay
(Schreiber et al., 1988) uses gel-shift assays to monitor
proteolysis of protein-DNA complexes. In order to com-
pare the conformation of CREB following binding to
TRE-1 or CRE probes, gel-shift reactions containing pu-
rified CREB protein and 32P-labeled probes were treated
ith V8 protease prior to electrophoresis (Fig. 1). By
omparing the migration of the DNA:peptide products in
he gel, the accessibility of V8 cleavage sites was deter-
ined as a measure of protein conformation. Digestion
f complexes formed on the CRE probe (Fig. 1) with 1, 3,
, and 7 mg of V8 protease prior to electrophoresis
ielded two protease products (A and B). The amount of
and B ranged from 6 to 15% of the total counts in band tin the presence of V8 protease. Conversely, V8 diges-
ion of CREB bound to TRE-1 resulted in less than 2% of
he total counts in band B. Thus, the accessibility of V8
rotease cleavage sites that release band B was differ-
nt when CREB was bound to CRE than when bound to
RE-1.
Analysis of CREB conformation using chymotrypsin
el-shift assays. Chymotrypsin protease was used to
urther investigate the conformation of CREB when
ound to CRE and TRE-1 elements. Chymotrypsin diges-
ion of CREB bound to CRE and TRE-1 probes is shown
n Fig. 2A. Five major digestion products (1–5) were
roduced following chymotrypsin digestion of CRE:CREB
omplexes (left panel). Conversely, chymotrypsin diges-
ion of CREB bound to TRE-1 produced four major prod-
cts (1, 3, 4, 5), but band 2 was never observed in these
omplexes (right panel). The four products of TRE-1:
REB digestion migrated to the same positions as CRE:
REB complexes 1, 3, 4, and 5.
Analysis of CREB conformation using trypsin gel-shift
ssays. Trypsin was the final protease used to compare
he conformation of CREB bound to CRE or TRE-1 ele-
ents. Four trypsin digestion fragments (A–D) were
ormed when CREB was bound to the CRE probe (Fig. 2B,
eft). In contrast, only three trypsin digestion fragments
A, B, and D) were formed when CREB was bound to the
RE-1 probe (Fig. 2B, right). Specifically, band C was
bsent when CREB was bound to TRE-1. Quantitation of
and C on the CRE probe showed that approximately
2% of the total counts were localized in band C at all
rypsin concentrations used for digestion. In contrast, the
ercentage of counts localized in the band C region of
he gel for the TRE-1:CREB complex was minimal (less
FIG. 1. Analysis of CREB conformation using V8 protease gel-shift
assays. Five nanograms of CRE (lanes 1–5) and TRE-1 (lanes 6–10)
probes was incubated with CREB protein. Increasing concentrations of
V8 protease were added to individual binding reactions (0 ng, lanes 1
and 6; 1 ng, lanes 2 and 7; 3 ng, lanes 3 and 8; 5 ng, lanes 4 and 9; 7
ng, lanes 5 and 10). V8 protease digestion was terminated by the
addition of 50 ng b2-macroglobulin. The position of V8 protease diges-
tion products (A and B) is indicated.han 3%). Together, the results of V8, chymotrypsin, and
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330 CONNOR AND MARRIOTTtrypsin protease digestions each suggest that CREB pro-
tein is differentially accessible to protease cleavage
when bound to bound to TRE-1 and CRE.
PKA phosphorylation does not affect CREB conforma-
tion. Transcriptional activation of cellular promoters by
CREB requires PKA phosphorylation at Ser133. We previ-
ously demonstrated that Tax transactivation of a cellular
CRE also required PKA phosphorylation while Tax trans-
activation of TRE-1 was independent of PKA phosphory-
FIG. 2. Analysis of CREB conformation using chymotrypsin and
rypsin gel-shift assays. (A) Five nanograms of CRE (lanes 1–6) and
RE-1 (lanes 7–12) probes was incubated with CREB protein. Increas-
ng concentrations of chymotrypsin were added to individual binding
eactions (0 ng, lanes 1 and 7; 5 ng, lanes 2 and 8; 30 ng, lanes 3 and
; 200 ng, lanes 4 and 10; 500 ng, lanes 5 and 11; 1000 ng, lanes 6 and
2). Chymotrypsin digestion was terminated by the addition of 15 mg of
hymostatin. The position of chymotrypsin digestion products (1–5) is
ndicated. (B) Five nanograms of CRE (lanes 1–7) or TRE-1 (lanes 8–14)
robes was incubated with CREB protein. Increasing concentrations of
rypsin were added to individual aliquots of the binding reactions (0 mg
rypsin, lanes 1 and 8; 0.125 mg trypsin, lanes 2 and 9; 0.25 mg trypsin,
lanes 3 and 10; 0.5 mg trypsin, lanes 4 and 11; 1 mg trypsin, lanes 5 and
2; 2 mg trypsin, lanes 6 and 13; 3 mg trypsin, lanes 7 and 14). Trypsin
digestion was terminated by the addition of 1 mg of soybean trypsin
inhibitor. The position of trypsin digestion products (A–D) is indicated.lation (Kwok et al., 1996). Although the effect of phos-phorylation on CREB conformation remains controversial
(Gonzalez et al., 1991; Bullock and Habener, 1998; Rich-
ards et al., 1996), we tested the possibility that the con-
formational change in CREB induced upon TRE-1 binding
might correspond to that induced by phosphorylation.
Trypsin digestion of unphosphorylated and phosphor-
ylated CREB (P-CREB) assembled on CRE resulted in
four fragments which comigrated exactly (data not
shown). Digestion of CREB and P-CREB assembled on
TRE-1 resulted in three fragments which also comigrated
exactly. Thus, PKA phosphorylation did not affect CREB
conformation in a manner that was detectable in this
assay, and the conformation of P-CREB was different
when bound to CRE than when bound to TRE-1. These
results support a previous study showing that the ability
of Tax to enhance the DNA-binding affinity of CREB was
not influenced by the phosphorylation state of CREB
(Anderson and Dynan, 1994).
Role of nucleotide sequences in determining CREB
conformation. The core CREB-binding sites of CRE and
TRE-1 differ by only a single nucleotide, while sequences
flanking the cores are more divergent (Fig. 3). Therefore,
differences in CREB conformation observed following
binding to CRE and TRE-1 probes could be modulated by
flanking sequences, core sequences, or a combination
of both sequences. To determine the influence of nucle-
otide sequences within, and flanking, the core CRE on
CREB conformation, two chimeric oligonucleotide
probes were used in trypsin digestions of CREB:DNA
complexes. The oligonucleotide, CTC, contains the
TRE-1 core CREB-binding site, with CRE-flanking se-
quences. The oligonucleotide, TCT, contains the CRE
core CREB-binding site, with TRE-1-flanking sequences.
Thus, if flanking sequences determine conformation, the
CRE and CTC probes should induce identical CREB
conformations. Similarly, TRE-1 and TCT probes should
induce identical CREB conformations.
A comparison of the trypsin digestion patterns of
CREB bound to CTC and TRE-1 probes (containing iden-
tical core sequences) is shown in Fig. 3A. On the CTC
probe, four digestion products were formed having mi-
gration patterns similar to those observed on CRE, while
the TRE-1 probe again displayed only three digestion
products. These results demonstrate that the conforma-
tion of CREB is different when bound to CTC and TRE-1
elements and implicate flanking sequences in determin-
ing CREB conformation.
The trypsin digestion pattern of CREB when bound to
CRE and TCT is compared in Fig. 3B. Four digestion
products were formed on the CRE probe. Three digestion
products formed on the TCT probe and these bands
comigrated with bands formed on the TRE-1 probe (data
not shown). As seen previously, band 2 was absent on
probes containing TRE-1-flanking sequences. These re-
sults suggest that the conformation of CREB when bound
to TRE-1 and TCT elements is similar, and that the core
331TRANSCRIPTIONAL CONTROL OF THE HTLV-I LTRdoes not influence CREB conformation. The presence of
four trypsin digestion products on probes containing
CRE-flanking sequences, and three digestion products
on probes containing TRE-1-flanking sequences, sup-
ports our hypothesis that sequences flanking the core
CREB-binding site modulate CREB conformation.
Tax binding to CREB depends on flanking sequences.
Numerous studies have demonstrated that biological
FIG. 3. Role of core nucleotide sequences in determining CREB
conformation. Five nanograms of each probe was incubated with CREB
protein. Increasing concentrations of trypsin were added to individual
binding reactions (0 ng trypsin, lanes 1 and 7; 0.125 ng trypsin, lanes 2
and 8; 0.25 ng trypsin, lanes 3 and 9; 0.5 ng trypsin, lanes 4 and 10; 1
ng trypsin, lanes 5 and 11; 3 ng trypsin, lanes 6 and 12). Trypsin
digestion was terminated after 15 min by the addition of 1 mg of
soybean trypsin inhibitor. (A) Trypsin digestion of CREB bound to CTC
and TRE-1. The nucleotide sequences of the probes [CTC (lanes 1–6) or
TRE-1 (lanes 7–12)] are shown. The core CREB binding site is boxed
and the asterisk indicates the single core nucleotide that differs be-
tween CRE and TRE-1. Trypsin digestion products (A–D) are indicated.
(B) Trypsin digestion of CREB bound to CRE and TCT. The nucleotide
sequences of the probes [CRE (lanes 1–6) or TCT (lanes 7–12)] are
shown at the bottom. The core CREB-binding site is boxed and the
asterisk indicates the single core nucleotide that differs between CRE
and TRE-1. Trypsin digestion products (A–D) are indicated.functions of Tax require specific flanking sequences de-rived from the viral TRE-1s. These functions include the
ability of Tax to associate with CREB (Paca-uccaralertkun
et al., 1994; Brauweiler et al., 1995; Yin and Gaynor, 1996),
enhance CREB-binding affinity (Paca-uccaralertkun et al.,
1994; Anderson and Dynan, 1994), and activate transcrip-
tion (Paca-uccaralertkun et al., 1994; Brauweiler et al.,
1995; Seeler et al., 1993; Fujisawa et al., 1989; Montagne
et al., 1990). However, earlier studies describing effects
of flanking sequences on Tax function used different
probes than the chimeric sequences we have used to
define conformational changes in CREB. Therefore, we
investigated whether representative biological activities
of Tax correlate with CREB conformation using the same
DNA sequences described above in the conformation
studies.
We previously reported that Tax can physically asso-
ciate with CREB when it is assembled on a TRE-1 ele-
ment, but not when it is assembled on a CRE element
(Kwok et al., 1996). These data, in combination with the
CREB conformation data presented above, are consis-
tent with a model in which the association of Tax with
CREB/DNA complexes depends on the specific CREB
conformation induced upon DNA binding. To determine
whether the CREB conformation on CRE and TRE-1 ele-
ments influences its ability to bind Tax, an avidin:biotin
precipitation assay was performed (Fig. 4). Protein com-
plexes assembled on TRE-1, CRE, TCT, and CTC biotin-
ylated probes were analyzed by Western blot for the
presence of Tax. Tax was detected only on probes con-
taining the TRE-1-flanking sequences (TRE and TCT).
FIG. 4. Flanking sequences influence the binding of Tax to CREB.
Biotinylated probes (TRE-1, CRE, TCT, or CTC) were incubated with
CREB and/or Tax proteins. Assembled complexes were isolated on
streptavidin beads and analyzed by Western blotting with Tax-specific
antisera. The combination of probe and proteins in each reaction is
shown above each lane. The identity of each probe is shown on the left.
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332 CONNOR AND MARRIOTTThe association of Tax on these probes was specific
since it was observed only in the presence of CREB.
Nonspecific binding of Tax to the probe or to streptavidin
beads alone was not observed. These results are con-
sistent with previous reports (Paca-uccaralertkun et al.,
994; Brauweiler et al., 1995; Yin and Gaynor, 1996) and
upport the idea that the association of Tax with CREB
epends on DNA sequences flanking the CRE core.
ince we have shown that flanking sequences influence
REB conformation, the ability of Tax to bind CREB is
ikely dictated by CREB conformation.
Tax has previously been shown to enhance the dimer-
zation and DNA-binding affinity of CREB (Franklin et al.,
1993; Wagner and Green, 1993; Brauweiler et al., 1995;
Baranger et al., 1995; Yin and Gaynor, 1996), and this
activity presumably requires an interaction between Tax
and CREB. Thus, we asked whether Tax enhancement of
CREB binding depended on specific flanking sequences.
Gel-shift analysis of CREB binding to CRE and TRE-1
probes in the presence and absence of Tax demon-
strated that TRE-1 sequences flanking the CRE core
enabled Tax to enhance CREB binding (Fig. 5). No sig-
nificant effect of Tax on CREB binding to CRE was ob-
served.
The ability of Tax to interact with CREB, and to en-
hance CREB dimerization and binding, is thought to be
an important component of Tax transactivation in vivo.
Therefore we predicted that Tax transactivation would be
influenced by sequences flanking the CRE core. Indeed,
in the absence of PKA phosphorylation, Tax activated
transcription from elements containing TRE-1-flanking
sequences, but only weakly activated transcription from
elements containing CRE-flanking sequences (Fig. 6).
Thus, Tax transactivation depended on flanking se-
quences that allowed the association of Tax and modu-
FIG. 5. Effect of Tax on CREB binding to TRE-1 and CRE elements.
Five nanograms of each probe (CRE, C-T-C, TRE-1, or T-C-T) was
incubated either alone or with 60 ng of purified CREB protein. Nucle-
otide sequences of the probes are shown in Figs. 3A and 3B. Duplicate
reactions contained either 1 or 5 mg of purified Tax protein. Complexes
were resolved on a nondenaturing polyacrylamide gel. The number of
counts localized in each shifted band was quantitated by phosphorim-
age analysis. The maximum counts bound for each probe was set to
100%, and the percentage of maximum counts bound was plotted for all
reactions containing CREB.lation of CREB binding. In the presence of PKA, however,Tax activation was independent of flanking sequence.
PKA phosphorylation allows CREB to bind its coactivator,
CBP. Since Tax can bind to CBP (Kwok et al., 1996) the
equirement for a direct interaction between Tax and
REB to achieve transactivation is relieved. Together,
hese results support a correlation between the confor-
ation of CREB dictated by TRE-1-flanking sequences
nd the biological activities of Tax.
DISCUSSION
Proteases have been used to probe the protein struc-
ure of a variety of transcription factors following DNA
inding (Tan and Richmond, 1990; Schreiber et al., 1988;
ujita et al., 1992), and we employed this approach to
nvestigate the conformation of CREB following DNA
inding. We found that the sensitivity of CREB to diges-
ion with three different proteases (V8, chymotrypsin, and
rypsin) was altered when the protein was bound to a
ax-responsive CRE from the viral promoter (TRE-1) as
ompared to a model cellular CRE from the rat soma-
ostatin promoter. The results suggest that CREB-binding
ites allosterically influence conformation of the protein.
he cAMP-responsive octanucleotide cores of TRE-1 and
RE vary by only a single nucleotide, while sequences
lanking these cores are quite divergent. Chimeric
robes with core and flanking sequences derived from
ither CRE or TRE-1 elements demonstrated that CREB
onformation is specified by TRE-1 nucleotide se-
uences flanking the CRE core.
The large number of predicted trypsin, chymotrypsin,
nd V8 protease cleavage sites within the CREB protein
oes not allow the position of the conformational change
o be localized using this information alone. Also, the
onformational aspects of this study are limited in that
hey examine only protease-sensitive regions of the
REB molecule, and the proteolytic clipping bandshift
FIG. 6. Differential Tax transactivation of TRE-1 and CRE elements.
F9 cells were transfected with 5 mg of reporter plasmid (T-C-T n , TRE-1
1, C-T-C o, or CRE h). CREB, Tax, and PKA expression vectors were
cotransfected into indicated cells. A representative experiment from
two repetitions is shown.
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333TRANSCRIPTIONAL CONTROL OF THE HTLV-I LTRassay detects changes only in protein fragments that
remain bound to DNA. Thus, conformational differences
observed in this study are likely to result from dynamic
changes in the DNA-binding region of CREB. The con-
formation of CREB bound to elements containing TRE-1-
flanking sequences may allow the Tax-binding region of
the protein to be more accessible (Anderson and Dynan,
1994). Also, the conformation of CREB on TRE-1 may
allow Tax dimers access to flanking sequences for direct
protein-DNA interactions (Lundblad et al., 1998; Lenz-
meier et al., 1998; Kimzey and Dynan, 1998).
Previous studies have demonstrated that molecular
functions of Tax, which are thought to be important for
transactivation, depend on DNA sequences that flank the
core CRE of TRE-1 (Franklin et al., 1993; Brauweiler et al.,
995; Wagner and Green, 1993; Baranger et al., 1995; Yin
and Gaynor, 1996). The DNA sequences examined in this
study differ slightly from those used in previous investi-
gations. Since the protease sensitivity of CREB differed
between Tax-responsive and nonresponsive elements, it
was important to determine whether biological activities
of Tax also correlated with CREB conformation. We had
previously used an avidin:biotin pull down assay to show
that Tax preferentially associates with CREB bound to
TRE-1 elements, and not to CREB bound to CRE ele-
ments (Kwok et al., 1996). The studies reported here
extend that finding by demonstrating that Tax only asso-
ciates with a CREB:DNA complex when the DNA probe
contains TRE-1-flanking sequences. The results with
specific sequences used in this study support previous
findings showing that flanking sequences modulate Tax
association with CREB (Paca-uccaralertkun et al., 1994;
Brauweiler et al., 1995; Yin and Gaynor, 1996). We pro-
ose that the conformation of CREB, when bound to
robes containing TRE-1-flanking sequences, promotes
n interaction with Tax, and perhaps modulates the as-
ociation of Tax with DNA-flanking sequences.
Tax interacts primarily although not exclusively with
he bZIP region of CREB (Adya and Giam, 1995; Adya et
l., 1994; Yin and Gaynor, 1996). The binding of Tax near
he CREB DNA-binding domain extends the footprint
rotection pattern (Lenzmeier et al., 1998). It was pro-
osed that this extended footprint resulted from the in-
eraction of Tax with the minor groove of DNA. However,
hese results are also consistent with a DNA-induced
onformational change in CREB in which the extended
ootprint may be due to new contacts between CREB and
NA. Therefore the CREB conformation on TRE-1 may
romote more contact with flanking sequences than
hen bound to CRE.
Studies with other transcription factors provide prece-
ence for the finding that the DNA-binding region of
REB is conformationally dynamic. Specifically, the basic
NA-binding domains of the bZIP transcription factors
os and Jun have different conformations when associ-
ted with DNA than when free in solution (Patel et al.,990). The basic domain of the yeast bZIP transcription
actor, GCN4, also undergoes a conformational change
pon DNA binding (Weiss et al., 1990; Spolar and Record,
1994). In addition to bZIP transcription factors, the Ets
(Petersen et al., 1995; Jonsen et al., 1996), Oct-1 (Walker
et al., 1994), and NF-kB (Fujita et al., 1992) transcription
actors, and the yeast transcriptional activator PRTF (Tan
nd Richmond, 1990) have each been shown to adopt
ltered protein conformations upon DNA binding. In par-
icular, PRTF has been shown to assume distinct confor-
ations when bound to two different DNA elements (Tan
nd Richmond, 1990; Ikeda et al., 1996; Cleary et al.,
997).
It is interesting to note that three proteins, CREB, the
50 subunit of NF-kB, and Ets-1, all display altered con-
formations dependent on the DNA element to which they
bind. Tax has been shown to interact with all three of
these proteins (Suzuki et al., 1993; Yin et al., 1995; Gitlin
et al., 1993; Dittmer et al., 1997; Yin et al., 1995). Thus, the
ability of Tax to discriminate between specific transcrip-
tion factor conformations may be a general mechanism
by which Tax mediates specificity and selectivity of ac-
tivation.
The ability of Tax to discriminate between different
transcription factor conformations is shared by at least
one other viral transactivator, the herpesvirus VP16 pro-
tein. VP16 interacts with the POU homeo subdomain of
the cellular transcription factor, Oct-1, which resides very
near the Oct-1 DNA-binding domain (Walker et al., 1994).
Oct-1 binds to a core octamer site, termed GARAT. Se-
quences that flank the core GARAT site induce a confor-
mational change in the Oct-1 POU domain. These flank-
ing sequences thus modulate a selective response to
VP16 by inducing a particular Oct-1 conformation to
which VP16 can bind (Walker et al., 1994). Given the
similarities between their mechanisms of activation,
HTLV-I Tax and herpesvirus VP16 may belong to a group
of viral transactivators whose transactivation potential is
determined through association with cellular factors that
adopt a particular conformation determined by the se-
quences to which they bind.
A major question in the study of Tax transactivation
has been to determine why Tax selectively transactivates
a subset of CRE-containing promoters. In this study, the
biological activities of Tax were shown to correlate with
CREB conformation found specifically on Tax-responsive
elements. The ability to discriminate between CREB pro-
teins assembled on various cellular promoters provides
a mechanism by which Tax can scan the genome and
limit transactivation to particular cellular genes.
MATERIALS AND METHODS
Purification of CREB. Recombinant CREB protein was
expressed from the pet15BCREB341 vector (Chrivia et al.,
1993). The bacteria were sonicated in 10 mM HEPES, pH
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334 CONNOR AND MARRIOTT7.9, 5 mM MgCl2, 1 mM EDTA, 5 mM DTT, 30 mM KCl, and
2 mM PMSF, and the supernatant was heated at 73°C for
10 min. Soluble proteins were dialyzed overnight against
buffer A (20 mM HEPES, pH 7.9, 100 mM KCl, 12.5 mM
MgCl2, 17% glycerol, 1 mM EDTA, 1 mM DTT). Protein
urity was estimated by SDS-PAGE and Coomassie blue
taining. CREB protein expressed and purified as de-
cribed has been shown to specifically induce RNA ex-
ression three- to fourfold in in vitro transcription assays
Gonzalez et al., 1991), demonstrating that the method
roduces biologically active CREB protein.
Purification of Tax. Tax protein was expressed in Esch-
richia coli (Giam et al., 1988) and purified as previously
escribed (Lindholm et al., 1990). Briefly, bacterial pellets
ere lysed by sonication. Insoluble material was re-
oved by centrifugation and Tax protein was precipi-
ated from the supernatant by sequential ammonium
ulfate precipitations.
Gel-mobility-shift assays. Double-stranded oligonucle-
tides containing XbaI ends, were labeled with [32P]dCTP
sing the Klenow fragment of DNA polymerase (New
ngland Biolabs) for use as probes in gel-mobility-shift
ssays. Probes were incubated with 600 ng of CREB
rotein, 1 mg poly (dI/dC), 6 ml of 5X gel-shift buffer (50
M HEPES, pH 7.9, 20% Ficoll, 250 mM KCl, 1 mM EDTA,
nd 1 mM DTT), and 17 ml of buffer D (20 mM HEPES, pH
.9, 100 mM KCl, 12.5 mM MgCl2, 17% glycerol, 1 mM
DTA, and 1 mM DTT) in a 30-ml reaction. Following a
20-min incubation, increasing concentrations of protease
(trypsin, chymotrypsin, or V8 protease) were added to
individual binding reactions. Specific conditions of pro-
tease digestion are indicated in the figure legends. The
complexes were resolved on a 5% nondenaturing poly-
acrylamide gel. In order to maximize resolution of the
digested bands, free probe was run off some of the gels.
Each gel-shift assay was repeated a minimum of four
times. Bands of interest were quantitated by densitome-
try using a Phosphoimager and ImageQuant software.
The percentage of counts localized in the band of inter-
est was determined by dividing the counts localized in
that band by the total counts in the lane, and multiplying
by 100.
Avidin-biotin precipitation assays. Double-stranded
TRE1, CRE, TCT, and CTC oligonucleotide probes were
labeled with biotin-16-dUTP. Reactions were performed
essentially as previously described (Kwok et al., 1996).
Biotinylated probes (200 ng) were incubated with 250
nM purified CREB protein and 250 nM purified Tax pro-
tein in 200 ml of binding buffer (50 mM Tris, pH 8, 50
mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5 mM MgCl2, 0.1%
Triton X-100, 5% glycerol) containing 2.5 mg/ml BSA, and
10 mg/ml poly(dI/dC) for 2 h at room temperature.
treptavidin agarose beads, washed in binding buffer,
ere added to each reaction and incubated for 1 h at
oom temperature. Complexes were collected by brief
entrifugation and washed in binding buffer. Proteinsere eluted from the beads in SDS loading buffer, sep-
rated on a 10% SDS polyacrylamide gel, and detected
y Western blotting using polyclonal antibodies specific
or Tax.
Transfection and CAT assays. pT-C-T and pC-T-C re-
orters were constructed by cloning the double-stranded
-C-T or C-T-C oligonucleotides into the XbaI site in
lasmid 6-2, a CAT reporter containing the minimal
TLV-I promoter (Brady et al., 1987). The previously de-
cribed plasmid, 11-2 (Brady et al., 1987), was used in
this study as pTRE-1. The RSV-Luc, RSV-CREB, RSV-PKA,
RSV-Tax, RC-RSV, and pCRE plasmids have been previ-
ously described (Kwok et al., 1996).
F9 cells were seeded into gelatinized 100-mm plates
18 h prior to transfection. Cells were transfected using a
calcium phosphate transfection kit (Bethesda Research
Laboratories). 5 mg of reporter (pT-C-T, pTRE-1, pC-T-C, or
CRE), and 1 mg of RSV-luciferase plasmid was trans-
fected in each plate. RSV-CREB (Kwok et al., 1996),
RSV-PKA, and RSV-Tax plasmids (4 mg each) were also
transfected as indicated. Each transfection was per-
formed in duplicate. The total amount of DNA transfected
per plate was kept constant (21 mg) using vector DNA
RC-RSV). At 48 h posttransfection, cells were harvested
y removing media and washing with PBS. Cells were
ollected in reporter lysis buffer (Promega) and sub-
ected to one freeze-thaw cycle. Cellular debris was
emoved by centrifugation and the supernatant was used
s total cellular extract. Luciferase activity was used to
ormalize for transfection efficiency. CAT assays were
erformed and fold activation was determined by divid-
ng the normalized CAT activity by the basal activity of the
eporter alone.
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